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The mechanism of rate-dependent off-axis compression of a low fibre volume fraction thermoplastic matrix composite. The initial uses of thermoplastic matrix composites was restricted to semi-structural ap-
13
plications such as door panels. However, in recent times, there has been significant progress blades and other automotive applications [9] . This means that the composites are therefore 19 subjected to high loading rates where understanding the impact resistance is important.
20
The rate-dependent mechanical properties of the test composite will always be required in 21 predictive modelling of structural applications involving crashworthiness and post-impact 22 behaviour prediction [10] . A study by Carrillo and co-workers [11] considered the ballistic 23 behaviour of a thermoplastic composite with a polypropylene matrix and the authors found 24 that the properties of the matrix improved the ballistic performance of the composites.
26
There is a large body of data on off-axis impact response of composite structures espe-
27
cially the carbon-epoxy material systems used in aerospace applications [12] [13] [14] [15] [16] . However,
28
the number of such studies on off-axis compression of thermoplastic matrix composites is lim-
29
ited. Brown and co-workers [17] studied both static and high rate behaviour of commingled 30 E-glass/polypropylene woven fabric composites using tensile, compression and shear tests.
31
The composite has a 60% weight fraction of fibre hence the fibre properties dominated the master-batch compound). Tests at the medium rates 4 were performed using a hydraulic/piston-driven test rig (as 111 shown in Figure 2 ). The test rig can nominally achieve strain rates ranging from 1 − 500 to the specimen, were tracked using images acquired from the camera. These pixel-based
In this study, medium rates are defined as strain in the range of:
5 Force signals were recorded in voltage but were converted to Newton units using appropriate calibration data.
measurements were calibrated in the region of the gauge length, h 0 and converted to true 120 strain using an in-house MATLAB algorithm. for constitutive models of the test composite.
142
In high rate studies involving the split Hopkinson pressure bar, it is important to consider 143 whether the tested specimen has reached mechanical equilibrium within the short time-
144
scales. This study also explored this issue by comparing the sample stress derived from the 145 transmitted wave with that of the algebraic sum of the incident wave and reflected wave.
146
The later stress is often noisier because of the signal subtraction involved during the wave 
151
As shown in Figure 3 , a high speed camera was also attached to the SHPB to image the 152 deforming test composite at the impact rates. The high speed camera used is a Cordion with the start of deformation, the camera was triggered externally using square-wave input 156 signals taken from gauge G4, placed 400 mm away from the specimen.
Test results

158
The results of off-axis compression tests across quasi-static, medium and high strain rates Okereke et al.
[27] and stress-strain plots for that grade of polypropylene are shown in Figure   163 8. Consider an idealized unidirectional (UD) composite where the fibre points in the 3−axis 186 whilst the two transverse directions are 1− and 2−axes respectively as shown in Figure 9 (a).
187
It is assumed that (1) fibres are linear elastic and (b) matrix is nonlinear viscoelastic with 188 the yield stress defined by Ree-Eyring rate kinetics [30] [31] [32] [33] [34] . interaction of two viscoelastic relaxation processes. At room temperature, the first process 214 is dominant at quasi-static rates with near insignificant contribution of the second process.
215
After a critical strain rate,˙ crit is exceeded, the second process begins to grow rapidly.
216
According to Okereke et. al [36] , the equations describing the two co-operating viscoelastic 217 relaxation processes for the matrix (polypropylene) are given as follows:
where R = gas constant, T = temperature, j = I or II, where I and II refer to the α− and 
Since the yielding of the composite is a consequence of the percolation of the plastic 224 zones formed in the matrix region and the fibre constituents exist as stiff/hard inclusions 225 (see Figure 9(a) ), then we extrapolate that the rate-dependent yielding of the composite will 226 follow same mechanism as the matrix. We draw confidence, to make this extrapolation, in The effect of test rates on strain softening was also investigated. Strain softening, ∆σ
256
here is defined as the difference between the yield stress, σ y and the fracture stress, σ f given 257 by: ∆σ = |σ y − σ f |. Results of the pure matrix and the two off-axis test directions of the 258 composite are given in Figure 14 . At high rates, the material tended to fail prematurely 259 hence we notice a lot of scatter with increasing strain rates for all test materials. 5:
where ∆σ 0 is a reference strain softening at˙ = 1 s −1 and b is time material constant. Table 3   264 shows the values of the different material constants used in generating the trend lines shown 265 in Figure 14 . The observed strain softening for the test materials was found to increase with 266 strain rate according to a power-law dependence (see Equation 5 ). We note here again that 267 the composite is showing the similar pattern of behaviour to the pure matrix. The effect of strain rates on fracture strain was also investigated and the results for the 270 pure matrix and the two test directions of the composite are given in Figure 15 . Results
271
indicate a relationship between fracture strain with strain rate. In fact, as the strain rate 272 increases, the fracture strain for all tested materials decreases steadily as shown in Figure 15 .
273
The pure matrix data has a lot of scatter since the fracture of the matrix was not consistent 274 as they were very sensitive to test conditions. Type II pattern initiates from the corners of the specimen and the crack travels diagonally 282 through the specimen leading again to an inverted V-shaped wedge as shown in Figure 16 .
283
The evolution of damage for these quasi-static tests is consistently along a clearly defined 284 fracture plane: a feature that is a well known off-axis compressive response of unidirectional 285 composites.
286
For the off-axis compression in the 45 o -direction, the failure mechanism again is inter- 
Medium strain rate test images
Images from medium rate compressive testing of Plytron are shown in Figure 18 shown in both specimens of Figure 18 . On the other hand, the 45 o -direction compression 297 tests showed a well-define shear-zone is formed 45 o to the test direction (as shown in Figure   298 19). However, following initiation of failure at high rates, there is a distinct difference between 312 damage evolution at high rates response and quasi-static or medium rates. The sequence at Immediately, the different response with changing strain rates, can be observed. As a result,
323
it is concluded that the presence of many crack fronts or fracture planes at highest rates is 324 a rate-dependent response. 
329
This study has established that at high strain rates, the strength of the matrix is signifi- propagate until total failure of the material. considering independently the yield, strain softening and fracture strain of the composite.
346
The results of the test composite were compared with the rate-dependent response of the 347 pure matrix used in the test composite and it was concluded that the effect of the matrix was decreases linearly with increasing strain rates.
355
With aid of a image acquisition kit attached to the test apparatus at both quasi-static,
356
medium and high strain rate, in situ images of the deforming composite were derived. These contribute to create the multiple crack fronts seen at high rates.
363
The results presented in this study and the different models proposed to capture dif- 
